Liver biopsy (LB) is still the criterion standard procedure for obtaining liver tissue for histopathological examination and a valuable tool in the diagnosis, prognosis, and management of many parenchymal liver diseases. The aim of this position paper is to summarise the present practice of paediatric LB and make recommendations about its performance. Although histological evaluation of the liver is important in assessing prognosis and exploring treatment, noninvasive techniques (ie, imaging, laboratory markers) may replace use of liver histology. The indications for LB are changing as present knowledge of aetiologies, pathomechanism, and therapeutic options in paediatric liver disease is evolving. Adult and paediatric literature was reviewed to assess the existing clinical practice of LB with focus on the technique, indications, risk of complications, and contraindications in paediatrics. This position paper presents types of LB, indications, complications, contraindications, and an essential checklist for paediatric LB.
INTRODUCTION
T he role of liver biopsy (LB) in the management of patients with acute and chronic liver diseases has significantly evolved in recent years. The decision to biopsy a patient for diagnosis, staging, and prognostic evaluation has become more individualised, and standard indications have been challenged as information increasingly has become available by routes other than LB.
Percutaneous LB using the Menghini technique has been established as simple, reliable, and minimally invasive since its introduction into clinical practice in the late 1950s (1, 2) . Its safety record is acceptable and various histopathological techniques, including transmission electron microscopy (TEM) and immunohistochemistry, have enhanced LB interpretation and clinical relevance. The key to its usefulness is collaboration between clinicians and histopathologists, whose close interaction dramatically increases the value of LB. In the era of genomic medicine, additional noninvasive methods, including mutational analyses, advanced radiological methods, and sophisticated biochemical assays, however, have begun to compete seriously with conventional clinical investigations such as LB. Simpler clinical tests avoid logistical complications, hospital admissions, and periprocedural risks associated with LB. Nonetheless, emerging opportunities permit LB to offer otherwise unavailable information on metabolic/liver conditions in which phenotypes overlap, with immunohistochemical detection of biochemical and genetic disorders or assessment of immune-mediated complications after liver transplantation.
Aim
The aim of this review is to assess the role of LB in the present dynamic clinical environment, referring to evidence in the limited published paediatric literature and-when not availablealso to evidence in adult patients. When paediatric data are not unanimous, a consensus was developed.
METHODOLOGY
Literature was screened by a PubMed search of English and non-English-language articles using the following terms: children, LB, needles, indications, complications, contraindications, monitoring of patients, safety issues. Relevant articles were selected from search result lists. Published abstracts from European and American gastroenterology and hepatology conferences during the last 30 years also were reviewed.
INDICATIONS FOR LB
LB can be performed in native or in transplanted liver. The purpose of LB can be diagnostic; it can be prognostic when diagnosis is known and severity needs to be assessed, and it can be to monitor disease progression or response to treatment.
LB for Diagnostic Purposes

Neonatal Cholestasis
In the newborn or extremely young infant, the principal primary liver diseases substantially overlap phenotypically with one another and with secondary liver dysfunction (effects of prematurity, asphyxia, or sepsis): the clinical signs of neonatal cholestasis can be identical (hypocholic stools, dark urine, jaundice, hypoglycaemia). Some forms of neonatal cholestasis can be identified biochemically and genetically, or by imaging studies. Others require LB.
Although LB at this age may aid in diagnosis, interpretation requires familiarity with various pitfalls. Liver microanatomy differs from that in older infants, toddlers, and older children or adults. Interlobular bile ducts are smaller in premature or extremely young infants and in the liver periphery (which biopsy preferentially samples); to find copper-associated protein and iron is normal till age 4 months; and haemopoietic elements may persist until age 6 months. Multinucleated hepatocytes with abundant cytoplasm (syncytial giant cells) develop nonspecifically following various insults. Histopathological hallmarks may be not visible early (as in a 1 -antitrypsin storage disorder [A1ASD], Alagille syndrome [AGS], or Niemann-Pick disease type C). Immunohistochemical staining or TEM may be required in these cases.
Typical in biliary atresia (BA) are acholic stools, firm livers, and abnormal values for biochemical markers of hepatobiliary injury (''biomarkers''). Success of portoenterostomy depends in part on age at surgery-the younger the better-and some believe that LB or endoscopic retrograde cholangiopancreatography only delays definitive treatment. Clinical findings attain 80% to 90% accuracy in the diagnosis of BA (3) . Histopathological evaluation permits diagnosis of BA in 96% of adequate LB specimens: core specimens are ''adequate'' if they measure at least 2.0 cm long and 0.2 mm wide, or contain at least 10 portal tracts; wedge specimens are adequate if they contain at least 6 complete portal tracts independent of the liver capsule (4) . Typical in BA are prominent ductular reaction, bile plugs within portal-tract bile ducts (not periportal neocholangioles), and portal-tract expansion by oedema and fibrosis. Findings may, however, be similar in parenteral alimentation, protease inhibitor type Z A1ASD, or cystic fibrosis. Typical findings may also be missing before ages 4 to 6 weeks (4-6). LB for microbiologic culture after portoenterostomy can be valuable in assessing recurrent or antibiotic-resistant cholangitis.
Progressive Familial Intrahepatic Cholestasis
The clinical diagnosis of progressive familial intrahepatic cholestasis (PFIC) is based on jaundice, elevated serum concentrations of primary bile acids with low/normal serum g-glutamyl transpeptidase (GGT) activity (familial intrahepatic cholestasis [FIC1] deficiency or bile salt export pump [BSEP] deficiency, normal-GGT PFIC) or with high serum GGT activity (multidrug resistance protein 3 [MDR3] deficiency), absence of dysmorphism, and, as coordinated behaviour emerges, evidence of pruritus. Histopathological findings in the liver are useful in supporting the diagnosis. In severe FIC1 deficiency (ATP8B1 mutation, chromosome 18), small, tidily arrayed hepatocytes and pallid intracanalicular bile are seen. In severe BSEP deficiency (ABCB11 mutation, chromosome 2) bile is khaki-coloured rather than greyish. Bile pigment accumulates in hepatocytes and in canaliculi, with hepatocellular giant cell change and necrosis. In neither are portaltract changes prominent; bile plugs are not seen within portal tracts, and ductular reaction is sparse, with hypoplasia (not absence) of principal bile duct radicals. Immunostaining for BSEP (negative in 75% to 90% of BSEP-deficient patients, positive in FIC1 deficiency) and for ectoenzymes (negative in FIC1 deficiency, positive in BSEP deficiency) such as GGT, carcinoembryonic antigen (CD66), and alanyl aminopeptidase (CD13) can assist diagnosis. TEM of LB material primarily fixed for ultrastructural study can be useful; coarsely and loosely granular canalicular contents suggest FIC1 deficiency (7) . BSEP deficiency and primary bile acid synthesis disorders cannot be distinguished histopathologically without immunostaining (8, 9) . In most infants with clinically manifest BSEP deficiency, however, deficiency is absolute, with absent BSEP expression, whereas in primary bile acid synthesis disorders canaliculi mark normally for BSEP.
Partial biliary diversion (PBD) has been widely used to ameliorate symptoms in normal GGT PFIC when ursodeoxycholic acid treatment fails (10, 11) . Because cirrhosis makes symptom relief with PBD less likely, LB is essential in clinical decision making (12) . Coordinated immunohistological and genetic evaluation may help assess prognosis after PBD; in ABCB11 disease, for example, if BSEP is expressed, response is more likely than if no BSEP is demonstrable.
Severe deficiency of MDR3, encoded by ABCB4, can present in infancy. LB in infants and young children finds portal tract fibrosis with mixed inflammation and, unlike normal GGT PFIC, ductular proliferation, suggesting cholangiopathy (13) (14) (15) . Immunostaining for MDR3 can be useful in diagnosis if MDR3 is not expressed along canalicular margins (15) .
MDR3 permits entry into bile of phospholipid, which maintains cholesterol in solution. Cholesterol clefts (residua of precipitated cholesterol crystals) in bile duct lumina may signal ABCB4 disease, as may hepatocellular copper deposits unusually abundant for cholangiopathy (16, 17) .
Alagille Syndrome
AGS is largely diagnosed using clinical and extrahepatic criteria, but an important feature-paucity of interlobular bile ducts (PILBDs)-can only be documented histologically. If bile flow from the lobule is deficient, new bile ducts at the periphery of the biliary tree may be hypoplastic, but not absent. LB samples subcapsular liver with newly formed portal tracts and potentially hypoplastic bile ducts. If bile duct radicals are not highlighted by immunostaining, PILBD may be misdiagnosed. In AGS, PILBD may not be present in young infants; even after age 1 year 25% of AGS LB specimens do not show PILBD (18) . LB timing is crucial.
PBD does not alter liver disease progression in AGS, although it may relieve pruritus (19) . No known clinical or histopathological parameter predicts response to PBD. Histopathological and clinical findings before and after PBD in AGS await correlation.
Only 10% to 15% of individuals deficient in circulating a 1 -antitrypsin and of protease inhibitor type Z phenotype develop liver disease. Features in infancy include intralobular and, rarely, portal-tract cholestasis, ductular reaction, bile duct hypoplasia (misreported as paucity), mild periportal steatosis, and portal fibrosis, that aside from steatosis is a near phenocopy of BA. Because A1ASD can be confirmed by isoelectric protein focussing or SERPINA1 mutation analysis, LB is not required; indeed, diagnostic features (granular cytoplasmic bodies that after diastase digestion take the periodic acid-Schiff stain) may not be apparent in early infancy, and immunostaining for a 1 -antitrypsin may be required to demonstrate them. Whether histopathological or clinical findings more helpfully reflect liver disease severity and mediumto long-term prognosis is unclear (20) . Bridging septa, severe fibrosis, and ductular reaction at presentation may suggest likely progression to requiring liver transplantation (21) .
Acute Liver Failure
Aetiologies of acute liver failure (ALF) remain indeterminate in approximately 50% of children who require liver transplantation (22) (23) (24) . The role of LB in ALF is limited and questionable. Multisystem impairment and severe coagulopathy make percutaneous LB high-risk, and transjugular (TJ) LB in children requires general anaesthesia, contraindicated unless the patient is already ventilated. Although some conditions causing ALF may be diagnosed histopathologically (25) , histopathological study of LB specimens or explanted livers does not increase the diagnostic yield in children with ALF (26) , and histopathological diagnosis does not alter immediate management.
TJ LB may assist in diagnosis occasionally in sub-ALF or in autoimmune hepatitis (AIH) or Wilson disease (WD) when other test results are unclear (27, 28) . Necrosis and regeneration often are, however, patchy and sampling error is likely.
Bridging fibrosis suggests chronic disease, potentially treatable (AIH, WD). But histopathological distinction among acute, subacute, and chronic injury is difficult, owing to sampling bias and overlap among conditions and phases. Such diagnoses generally can be reached less invasively. Apart from chronic liver disease, bridging fibrosis can be seen during recovery from acute injury (acetaminophen or other), in quiescent or treated AIH, and in sub-ALF.
Cryptogenic Hypertransaminasaemia
Although history, examination, imaging, and biomarker and molecular testing clarify aetiology in most persistent cryptogenic hypertransaminasaemia, LB remains standard because it allows for fibrosis staging and grading of inflammation, influencing treatment and prognostication. Noninvasive fibrosis assessment (elastography, extracellular-matrix biomarker determinations) will probably soon affect LB use in this regard. In adults (and children (29) ), when cause of biomarker abnormalities is initially unclear, non-alcoholic fatty liver disease (NAFLD) is to be considered. Magnetic resonance imaging of steatosis, bringing detection below ultrasonography's 30% limit, may also affect LB use in suspected NAFLD. For some conditions (noncirrhotic portal hypertension, nodular regenerative hyperplasia, hepatoportal sclerosis), diagnosis will probably continue to require LB.
Lysosomal Acid Lipase Deficiency (Wolman Disease, Cholesteryl Ester Storage Disease)
Deficiency of lysosomal acid lipase (LAL), involved in intracellular hydrolysis of cholesteryl esters and triglycerides, underlies these disorders (30) . LAL activity can be assayed in lymphocytes and cultured skin fibroblasts (31) . LB is not indicated unless enzymatic testing is unavailable or inconclusive. LAL inhibitor Lalistat 2 assays, using dried blood spots (32) , may expand noninvasive testing. LB, when done, finds hepatocellular microvesicular steatosis and foamy, enlarged Kupffer cells (30) . Cholesterol clefts strongly suggest LAL deficiency. LB may be prognostically useful (fibrosis, portal hypertension).
NAFLD
LB is required for definitive diagnosis of NAFLD but is not proposed in screening. LB is indicated to exclude other diseases, if advanced disease is suspected, before pharmacological or surgical treatment, and in clinical research trials (33) .
AIH
LB should be performed at presentation in all of the patients with suspected AIH to confirm diagnosis, to grade inflammation, and to stage fibrosis. Coagulopathy and thrombocytopaenia may preclude LB until empiric immunosuppression ameliorates hypocoagulability. When considering withdrawal of immunosuppression after at least 1 year of complete biomarker remission, LB is mandatory to document absence of inflammation (34) .
LB in Assessment of Known Liver Disease
Wilson Disease
As no histopathological feature of WD is specific-steatosis, inflammation, fibrosis, and cirrhosis all are seen in other conditions-histopathological findings in the liver are not diagnostic criteria in WD. Liver copper content, however, is included in WD diagnostic scoring (35) , and when WD is a consideration LB is usually indicated, with histopathological study ancillary to liver copper measurement. Concentrations >250 mg/g (dry tissue) are considered diagnostic for WD in adolescents or adults; however, increased hepatic copper content suggests rather than demonstrates WD, because chronic cholestasis also may increase hepatic copper stores (36) . Whether LB is indicated in patients with 2 known ATP7B mutations remains debatable.
Drug-Induced Liver Injury
Drug-induced liver injury (DILI) is a diagnosis of exclusion, established on the basis of clinical, biochemical, and histopathological data (history, interval between exposure and liver injury, and the suspect agent's known toxicity (37) ). Histological findings in DILI include cholestasis, hepatitis, fibrosis, and inflammation, often with plasma cell infiltrates, suggesting immune-mediated injury (38) . When a predominant feature-cholestasis, inflammatory injurycan be matched with known drug effect, LB may help identify which among several drug exposures is aetiologic (39) . LB can distinguish acute and chronic injury (fibrosis), and may allow assessment of preexisting disease. In DILI in children, data are scarce, although histopathological findings seem similar to those in adults (40) . A recent study in children did not include LB as a criterion for diagnosis of DILI (41) . LB may be indicated when the diagnosis of DILI is ambiguous, when withdrawal of the suspect drug is clinically unacceptable, or when the patient requires repeated courses of the drug.
Sclerosing Cholangitis
Sclerosing cholangitis is usually a disease of large-and middle-sized bile ducts, identifiable on imaging study. These ducts are not generally sampled at LB. LB can, however, detect disease restricted to small ducts. Typical are periductal ''onion-skin'' fibrosis, copper deposits, and upstream consequences of biliary obstruction (ductular reaction, portal tract oedema, and fibrosis) (42) .
LB is necessary to diagnose overlap syndrome (coexistent AIH and sclerosing cholangitis, with biomarker evidence of autoimmunity and biomarker or imaging study evidence of cholangiopathy) and, if chronic changes are seen, can be useful in prognostication.
Congenital Disorders of Glycosylation
Congenital disorders of glycosylation are diagnosed using biomarkers; LB is not required. Portal tract fibrosis and typical congenital hepatic fibrosis (CHF) are described in congenital disorders of glycosylation type 1 (43) . The only consequences are portal hypertension and cholangitis, as in CHF. To stage fibrosis in LB materials may guide screening for portal hypertension (43) . Slighter hepatic changes may be observed in a subset of cases with prevalent or exclusive hepatic presentation (44) .
CHF and Ciliopathies (Fibrocystic Hepatorenal Diseases)
LB is not indicated to diagnose CHF associated with renal disease (polycystic kidney disease, nephronophthisis) when findings are typical (large and hard liver, normal range biomarker values). LB can be of use in ciliopathies if the liver phenotype is unclear and if to characterise it would alter management.
LB features are not of prognostic value in CHF; prognosis depends on severity of portal hypertension and incidence of cholangitis. LB may be helpful for bacteriological culture in recurrent or resistant cholangitis. LB can also be useful in assessing liver disease associated with other ciliopathies (eg, Jeune; Senior-Loken; Joubert; cerebellar vermis hypo/aplasia, oligophrenia, ataxia, ocular coloboma, and hepatic fibrosis syndromes) (45) .
Hepatitis B Virus Infection
LB can be useful in chronic hepatitis B virus infection with prolonged immune activation state, that is, when hepatitis B virus surface and E antigens and elevated transaminase activity are repeatedly demonstrable. Marked inflammation (necroinflammatory activity) suggests likely benefit from treatment (interferon or antivirals). Staging of fibrosis also can modify treatment (46, 47) .
Hepatitis C Virus Infection
Hepatitis C virus (HCV) infection in childhood usually runs a slow course. By the end of adolescence, a few patients (approximately 1.8% (48)), however, develop cirrhosis. Patients infected with HCV genotype 2 or 3, for which a successful treatment regimen is available, may be offered antiviral therapy without biopsy. At present standard treatment of infection with HCV genotype 1 or 4 yields no >50% success. LB in patients infected with HCV of these genotypes can be useful; if fibrosis is mild, expectant management (awaiting better regimens) is justifiable (48, 49) . Although duration of infection is the major risk factor for progression of fibrosis, rates of progression in individuals remain unpredictable (50) .
Cytomegalovirus Infection
Biomarker abnormalities often warrant LB in liver transplant recipients. LB can help to distinguish primary or reactivated cytomegalovirus infection from various forms of rejection. Lobular hepatitis with occasional apoptotic hepatocytes is usual; pathognomonic ''owl-eye'' cytopathic effects are rarely seen. Immunostaining can be helpful (51) .
Epstein-Barr Virus Infection
LB can be of some value in liver transplant recipients with Epstein-Barr virus (EBV) primary infection and biomarker abnormalities. Predominantly lobular hepatitis is characteristic (52) . Immunohistochemical or in situ hybridisation studies can confirm EBV involvement (53) . Liver-localised EBV-related posttransplant lymphoproliferative disease may occasionally be diagnosed at LB as well (54) .
Liver Tumours
Liver tumours are rare in children. Hepatoblastoma is the most frequently seen malignancy. Depending on levels of alpha-fetoprotein, histology is often necessary for diagnosis; histopathological findings contribute substantially to prognosis. Hepatocellular carcinoma (HCC) is the second most common liver malignancy in childhood. Only 20% to 35% of children with HCC have underlying liver disease (55) . Biopsy of HCC carries a substantial risk of needle track seeding (1.6%-5%) and should only be considered if diagnosis cannot be made with imaging studies (56).
Liver Transplantation
As noted above, biomarker abnormalities often warrant LB in liver transplant recipients. LB findings constitute the criterion standard in diagnosing acute cellular or chronic ductopaenic rejection. LB may assist in diagnosis of some infections (demonstration of granulomata or cytomegalovirus inclusions) and in assessing the graft in patients with EBV viraemia.
Debate continues regarding ''protocol LB,'' that is, LB every 5 or 10 years after transplantation even when no disorder is suspected, more often performed in paediatric than in adult practice. This may be because abnormal histopathological findings are frequent in children after liver transplantation (57), whereas in adults not infected with HCV only changes of little impact are found (58) . Although protocol LB can provide valuable information about inflammatory changes (de novo AIH) or fibrosis that may affect immunosuppressive treatment (59-61), its benefits must be weighed against potential complications. Strategies to reduce nephrotoxicity by weaning immunosuppression and to assess immune tolerance have underscored the value of protocol LB in patient management (62) . Indications include the following:
1. Biomarker evidence of graft dysfunction when imaging study and microbiological investigations suggest no cause 2. Suspected acute cellular rejection 3. Suspected chronic ductopaenic rejection 4. Suspected recurrent disease 5. Staging and grading of graft function (regular follow-up LB, ischaemia-associated bile duct lesions, obstructive cholangiopathies) 6. Bacteriological culture for recurrent or resistant cholangitis
APPROACH TO LB
LB technique is often chosen on the basis of the risk profile in the individual patient, but the choice also depends on personal experience and practice of the clinician. LB is most commonly performed percutaneously. If this approach is not feasible, the TJ or laparoscopic approach can be chosen, as can laparotomy.
Percutaneous LB
''Blind LB'' is done without contemporaneous imaging study (predominantly ultrasonographic) guidance in determining the puncture site. The classic manner is the percussion-guided midclavicular intercostal approach. For exclusion of anatomical variation, all of the patients should have undergone an abdominal ultrasound at some stage before a blind LB. This is the simplest and least invasive method of obtaining a core of the liver tissue from the right lobe for histopathological examination. It is considered for presumed diffuse hepatic parenchymal disease. ''Ultrasoundassisted LB,'' a variation in which a hepatologist examines the proposed biopsy site ultrasonographically immediately before LB, can improve the yield of liver tissue and enhance safety (63) .
''Ultrasound-guided or computerised tomography-guided LB'' is chosen either when a focal lesion must be sampled or when somatic features, including obesity, obscure anatomical landmarks used for percutaneous LB. After segmental liver graft transplantation owing to the specific anatomic situation, blind LB is not recommended; ultrasound-guided or -assisted LB is the investigation of choice.
Ultrasonographic guidance was shown to be associated with decreased rates of hospitalisation among adult patients. The final decision about whether to use ultrasonography routinely should not be based on economic factors (64) . Many physicians prefer imageguided biopsy for both diffuse parenchymal disease and focal lesions (65) .
Plugged (Plugged-Tract) LB
Plugged LB is a modification of percutaneous LB in which collagen, thrombin, or a comparable material is injected as the needle is withdrawn.
TJ LB
TJ LB is performed by interventional radiologists in high-risk patients (with severe liver disease and coagulopathy, pancytopaenia, or ascites) and in patients with an underlying contraindication to percutaneous LB, such as haematological conditions. Potential disadvantages of TJ LB include that tissue samples are small and may be fragmented, both limiting histopathological diagnostic value. Advances in biopsy needle design and wider experience in technique, with multiple cores now obtainable, have improved both the quality of samples and the diagnostic yield (66) (67) (68) .
LB at Laparoscopy, Mini-Laparotomy, and Laparotomy
Wedge LB under direct observation is recommended only in exceptional settings because the peripheral tissue sampled is less representative of the liver, particularly for staging of fibrosis, than is the standard needle biopsy specimen. The laparoscopic approach may, however, be performed to obtain samples of liver tissue in specific circumstances. Possible benefits of laparoscopy are increased specimen size and immediate control of possible intraprocedural haemorrhage (63, 69) and the selection of biopsy site on inspection of the liver (70) . A disadvantage is the use of electrocautery, which can substantially impede histopathological interpretation. Cold-knife excision is thus preferable for specimen retrieval, with haemostasis by electrocoagulation afterward. One possibility is needle LB under laparoscopic vision, which allows deeper biopsy sampling and efficient bleeding control as well. Conditions to be considered for laparoscopic LB are as follows:
1. Increased risk of bleeding (69) 
LB DEVICES
Two types of needles are generally used to perform LB: ''cutting needles'' (Tru-Cut, Vim-Silverman and Temno) and ''suction needles'' (Menghini, Klatskin, Jamshidi) (72, 73) . These 2 types use different methods for sampling tissue. They are available in different diameters. The type and gauge optimal for percutaneous LB have been the subject of several studies (73) (75) .
Specimens from Tru-Cut needles may give more information about hepatic architecture. To take >1 liver core at biopsy may increase not only diagnostic yield, but also morbidity (76) . When a blind percutaneous LB is performed, taking 2 specimens may improve diagnostic yield, but the numbers of minor complications may increase when >3 consecutive passes are done (76, 77) .
LIVER SPECIMEN HANDLING
A fragment of liver tissue only 1 mm in diameter can suffice for diagnosis in some disorders (ultrastructural study); in most situations, however, an assessment of features throughout several lobules or portal tracts is required (as with architectural features that reflect abnormal perfusion). No definite rules for LB size, thus, can be given independent of clinical context. Light microscopy of routinely stained sections of tissue fixed in formalin and processed into paraffin will provide a preliminary diagnosis. Discussion between histopathologist and clinician of the findings and of the diagnosis advanced should direct further studies.
In selected cases one may consider snap-freezing a portion of any LB specimen and to hold the frozen tissue at À808C if special investigations are required. An ultrastructural study of the sample could provide additional diagnostic information, as in, for example, suspected storage disorders or suspected ATP8B1 disease, to store a sample in glutaraldehyde also is recommended. The frozen aliquot can be thawed in solutions that impede breakdown of RNA or DNA if molecular analysis is required; it can be analysed for metal contents, various products of intermediary metabolism, or exogenous toxins. It also can be thawed in glutaraldehyde if ultrastructural study is indicated. Biopsy specimens for quantitative copper determination should be placed unfixed on a moist piece of filter paper or directly in a copper-free container.
Distribution of an LB sample for routine (formalin) fixation, snap-freezing, and special study protocols should take place at bedside, immediately after LB. A core 20-mm long and 1.8 mm in diameter is required for optimal ''routine'' histopathological interpretation. In summary, a liver sample should be stored in formalin for histopathological investigation with, if possible, a portion snap frozen and held for additional special studies.
TYPES OF ANAESTHESIA
All efforts should be made to reduce anxiety and pain, and to ensure safety of the LB. Depending on local practice, general anaesthesia or sedation may be used to ensure this. The additional use of a long-acting local anaesthetic at the site of biopsy is recommended.
COMPLICATIONS OF LB
Complications of LB (Tables 1 and 2 ) (63, (79) (80) (81) (82) (83) (84) are usually considered to be ''major'' or ''minor.'' We consider ''minor'' complications to include pain, subcapsular bleeding that does not require transfusion or prolonged hospitalisation, infection, minor bile leak or haemobilia, and arteriovenous fistula. ''Major'' complications include bleeding, including haemobilia, that requires transfusion, surgery, or intensive care management; pneumothorax or haemothorax; and death (78) .
Timing of Complications
According to adult studies, 60% of complications occur in the first 2 hours after LB and 96% within the first 24 hours (79-81). Fatal complications occur within 6 hours of LB, except for late, unpredictable complications (82, 83) . In a paediatric study examining the feasibility of outpatient LB, bleeding complications were reported in 1% of children, with clinical symptoms occurring within 4 hours of LB (84).
Bleeding
The incidence of bleeding following percutaneous LB is difficult to assess. Clinically significant bleeding events, that is, with haemodynamic repercussions or warranting transfusion, occur in approximately 1 of 2500 to 10,000 LB in adults with diffuse parenchymal disease (85) (86) (87) (88) . Bleeding was reported in 2.8% of 469 paediatric LB procedures, and increased with malignancies or after bone marrow transplant (89) . A 15% incidence of bleeding after LB in children with oncological disease also was reported (90) . In a recent study (275 LB, 190 in children), the risk of bleeding was significantly increased in patients with a focal lesion and in patients receiving low-molecular-weight heparin (91) . Furthermore, routine ultrasonography after LB revealed clinically unsuspected haemorrhage at a rate of 2.6% (7/266) (91). Patients with ALF were at increased risk for major bleeding. Of note was that use of low-dose aspirin in the 5 days before LB did not increase the risk of bleeding (91) .
Pain
In adult LB, pain is the most widely reported complication, affecting as many as 84% of patients (92) . Pain typically occurs at 2 sites: at the LB site and at the right shoulder (''referred'' pain). In a study focused precisely on analysing pain after LB in 54 adults, 9 reported LB site pain, 14 right shoulder pain, and 24 pain at both sites (92) . No such data exist in children, but our general clinical impression is that pain after LB is mild, well tolerated, and controlled by minor analgesia. Obviously, should pain persist or worsen, urgent ultrasonography is warranted to identify any of the complications discussed here.
Arteriovenous Fistula
Descriptions of arteriovenous fistula secondary to LB are few, are usually presented as case reports, and are rare in children (93) (94) (95) . The outcome was fatal in 1 child who had undergone liver transplantation (95) . How soon arteriovenous fistula may develop after LB is unclear, as are the risk factors leading to this complication. This diagnosis should be suspected in the presence of an abdominal bruit or in a patient who has recently undergone LB and who presents with signs of acute portal hypertension, abdominal distension, or liver failure. Management is by emergency closure via either image-guided intervention or surgery (96, 97) .
Pneumothorax and Haemothorax
Pneumothorax and haemothorax are possible complications of percutaneous LB. Only 1 case of pneumothorax has been reported in a paediatric study (89) (n ¼ 1, 0.2%). In a meta-analysis of studies in adults, incidence was 0.05%; this seemed significantly reduced when ultrasonographic guidance was used (98).
Organ Perforation
The incidence of hollow viscus perforation following percutaneous LB in adults varies between 0.07% (99) and 1.25% (100) , and in children, it is unknown. It should, however, be suspected when the course after LB is abnormal or is marked by substantial pain. Management can be surgical or expectant. Chilaiditi syndrome (colonic interposition between the liver and the diaphragm) should be excluded before performing blind LB.
Bile Leak and Haemobilia
In a large meta-analysis of adult TJ LB, the incidence of biliary fistula was 0.01% and that of haemobilia was 0.04% (98) . In a cohort of 1500 adults undergoing percutaneous LB, only 1 case of biliary peritonitis occurred; it was fatal (101). Bile leaks have been reported after 3 paediatric LB procedures (0.6%) (89) . Embolisation is currently preferred for the management of uncontrolled haemobilia (101) (102) (103) .
Infection
Infection, either at the site of puncture or systemic, is a possible complication of percutaneous LB, but its incidence in (84) adults is extremely low (104) . Nevertheless, and of relevance to paediatric practice, the incidence of sepsis after LB is higher in adult liver transplant recipients who underwent choledochojejunostomy than in recipients with direct bile duct to bile duct anastomosis (104) . Although comparable data do not exist for children, most transplanted children have a Roux-en-Y loop-enteric anastomosis. Antibiotic prophylaxis at the time of LB may be appropriate in this high-risk subgroup to decrease the frequency of infectious complications (104) .
Death
In large adult cohorts, the risk of death following LB is reported as 1:10,000. For TJ LB, the rate is a little higher (0.09%), but this may reflect the use of TJ LB in more severely ill patients (98) . In children, 3 deaths have been reported in 469 LB (0.6%), all occurring in patients with a history of malignancy or haematological disease (89) . Two recent studies have reported no deaths (91, 105) . Two deaths before the implementation of TJ LB have been reported for oncological disease patients (90) . Our review suggests that haemato-oncology patients are at increased risk for major bleeding and death after LB. To consider these patients as at high risk seems justified, as do specific cautionary measures (see below) to limit complications, in particular bleeding. TJ LB may be safer than percutaneous or open LB.
Complications in TJ LB or Plugged-Tract LB in Adults and Children
It is widely accepted that TJ LB or plugged-tract LB is preferable to percutaneous LB in adults and children with coagulopathy or ascites (69, 106) . One study in adults, however, suggests that the presence of ascites does not increase the risk of major or minor complications in patients undergoing image-guided percutaneous LB (107) . A study analysing an in-house protocol of TJ LB in adults and plugged-tract LB in children reported that plugged-tract LB in children with ascites was generally safe and was not associated with a frequency of complications greater than that seen with TJ LB (108) . The total complication rate (in adults and children) was 0.9%, which was significantly lower than previously reported (98, 109) . In a study specifically of TJ LB in children and adults, the complication rate was 2.4% and the mortality rate was 0.25% (68) . Of those patients with major bleeding complications, half (n ¼ 200) had a significant coagulopathy, the most frequent indication for TJ LB. On the contrary, plugged-tract LB in adult patients with coagulopathy and thrombocytopaenia is reportedly safe (110) .
Needle Size, Needle Diameter, and Number of Passes
Increases in calibre of LB trocar and in number of passes are widely thought to predispose to complications, including bleeding. Data from adult studies and in animal models are, however, ambiguous, permitting no firm conclusions (85, 88, 111) .
In conclusion, data are scant on complications following paediatric percutaneous LB, TJ LB, or plugged LB. Small infants and patients with cancer or haematological disease appear at increased risk for bleeding, as may be patients with AGS (112) . Studies in adults suggest that children with a hepatobiliary-enteric anastomosis may be at increased risk for sepsis after LB. No convincing evidence exists that ultrasonographic guidance either before or during LB reduces complication rates. Plugged LB or laparoscopic LB may offer an option safer than TJ LB in highrisk patients.
Special Populations
Patients with end-stage chronic renal disease
Adults with chronic renal failure are generally regarded as at greater risk for bleeding after LB, owing to platelet dysfunction. This assumption, however, remains unproven and the benefit of 1-desamino-8-D-arginine, vasopressin in improving this dysfunction remains unclear (113, 114) . Because paediatric evidence is lacking, we feel that children with end-stage chronic renal disease in whom bleeding times do not improve with vasopressin administration should be considered for plugged-tract LB where available, preferably following a session of renal replacement therapy (haemodialysis or haemofiltration), to minimise bleeding risks. 2. Patients with AGS or with arthrogryposis-renal dysfunctioncholestasis (ARC) syndrome Patients with AGS-associated cholestatic liver disease do not always need LB because the diagnosis can be established by other means. Furthermore, patients with AGS may have an increased bleeding tendency, and 1 death in AGS because of bleeding after LB has been reported in 1 paediatric cohort (112) . As in AGS, extrahepatic findings in ARC syndrome can suggest the diagnosis. These include arthrogryposis, in particular ichthyosis, Fanconi-like renal tubulopathy, normal range serum GGT activity despite conjugated hyperbilirubinaemia, and, on blood film, increased platelet size. Platelet dysfunction in ARC syndrome has contributed to severe haemorrhage after both renal biopsy and LB (115).
Young infants
Infants <3 months of age may be more likely to have sedationrelated complications than are children in the general paediatric population. In 1 study examining the outcome of 66 LB in infants, the complication rate attributed to sedation (sedationrelated respiratory difficulty) was 10%, compared with an older cohort in which it was 2.6% (89, 116) . It is important to note the absence of major complications, and that all resolved with minimal clinical measures. Patients with a pronounced drop in haematocrit responded to transfusion, and patients with respiratory depression responded to naloxone. The rate and distribution of complications not associated with sedation did not differ from those in other age groups. Thus, many centres perform LB under local anaesthesia only in this age group. 4. Low-birth-weight babies With children in this subcategory, the operator must be more cautious regarding sedation and general fitness for LB and anaesthesiological support should be considered.
CONTRAINDICATIONS TO PERCUTANEOUS LB IN CHILDREN Abnormal Coagulation and/or Thrombocytopaenia
All centres at which LB is performed will define ranges for coagulation parameters that either preclude LB or warrant administration of blood products. Correlations between such coagulationparameter values and bleeding risk are, however, weak, and many reported episodes of severe haemorrhage after LB have occurred in patients with normal coagulation factor levels. Furthermore, because advanced liver disease affects production of both procoagulants and anticoagulants, net effects on bleeding risk are often difficult to predict. More comprehensive coagulation assays that evaluate several aspects of haemostasis are promising, but no such method used before LB has yet proven practical to predict that complications will not arise (117, 118) Prothrombin-complex values, measured as international normalized ratio (INR), are often used to identify patients at risk for bleeding. INR values were, however, originally standardised for patients on oral anticoagulant therapy. Similar standardisation is required for patients with liver disease, as recently suggested (119), but an ''INR liver'' is not yet routinely available. With all of these caveats in mind, we propose the following cutoff levels:
INR: A value of 1.5 or higher, usually regarded as a contraindication to LB, may require that fresh-frozen plasma (FFP) or factor concentrate, such as recombinant factor VII, be given before LB (120, 121) .
Platelets: A count of 60 Â 10 9 /L or lower may represent an indication for platelet transfusion immediately before LB (4).
The above recommendations do not consider platelet function, which can best be evaluated by bleeding time determination (122) . Furthermore, increased fibrinolysis is common in advanced liver disease. Supplementation should be considered if the plasma concentration of fibrinogen is <1.0 g/L. Finally, patients with abnormally prolonged activated partial thromboplastin times need to be evaluated for milder forms of haemophilia and for von Willebrand disease before LB is done. To detect patients at risk, a thorough enquiry into personal and family histories of bruising and mucosal bleeding is mandatory.
Ascites
LB in a patient with voluminous ascites should be avoided for several reasons. The risk of haemodynamic complications after LB is increased, particularly in smaller children, because of bleeding and/or biopsy site leakage of fluid, which could lead to peritonitis. Without imaging study guidance, the safety and diagnostic yield of LB are often poorer, because the correct position of the liver is more difficult to ascertain.
Specific Patient Categories
When deciding on LB, factors for increased risk need to be identified and taken into account. Thus, haemato-oncological patients, in particular after haematopoietic stem cell transplantation, are at increased risk (123) . Percutaneous LB in patients during sickle cell crisis should be avoided if possible, considering the disproportionately high risk of fatal complications (124) . In case of suspected haemophagocytic lymphohistiocytosis LB should also definitely be avoided.
To minimise risk of complications, ultrasonography should be performed before LB to identify contraindications such as ascites, biliary dilatation, peliosis, or haemangioma and anatomic variation such as abdominal situs inversus. How often hepatic haemangiomata occur in the general paediatric population is unknown, but the prevalence in adults is 1.5% (125) . Abdominal situs inversus is estimated to occur in 1:10,000 to 1:25,000 individuals (126) .
RECOMMENDED PROTOCOL AND CHECKLIST
Most paediatric recommendations adhere to the recent extensively reviewed adult AASLD guidelines (63) . This section highlights major and/or specific issues.
Before LB (63, 74) . If the PT is prolonged by 4 seconds or more, equivalent to INR >1.5, then strategies to ameliorate coagulopathy should be deployed (74, 76, 127, 128) . If patients show abnormalities of the coagulation cascade, support with vitamin K and with transfusions of FFP or platelets may be required. Vitamin K is useful in most cases but should be given parenterally and at least 6 hours before LB. If this is insufficient, FFP given immediately before LB at a dose of 12 to 15 mL/kg body weight may correct PT/INR values (74, 76) . Alternatively, recombinant factor VII is effective (120) . No data on a safe INR threshold are published. Abnormal PT/ INR needs to be balanced against other risk factors and the overall clinical benefit of LB. The panel overall suggests that an INR value >1.5 warrants factor substitution or LB by TJ or laparoscopic approach. The platelet count threshold for a safe percutaneous LB is relatively controversial and depends on local expertise. Some data indicate that with a platelet count as low as 60,000 (63, 76, 129) , 75,000 (130), or 80,000/mm 3 (127) , percutaneous LB can be performed with no increase in complication rate provided all other coagulation parameters are normal. Platelet infusion before percutaneous LB has been used widely in thrombocytopaenic patients. Studies showing its efficacy are, however, lacking, particularly in patients with hypersplenism owing to liver disease who may also have other disorders of coagulation (76, 127) . Patients with hereditary bleeding disorders (factor VIII or XI deficiency, von Willebrand disease) can undergo LB following supplementation with the deficient species, provided clinical indication is robust. The risk-benefit ratio must be considered with caution (63) . No drugs interfering with platelet count or coagulation factors (eg, aspirin, warfarin) should be used (for details see below). Low-dose aspirin, frequently given after liver transplantation, is generally not stopped before LB. 4. Ultrasonography before LB See next section 5. Therapeutic management before LB Patients undergoing LB should observe some therapeutic recommendations: a. Antiplatelet therapy (except low-dose aspirin given after liver transplantation) should be discontinued at least 7 to 10 days before LB and must be restarted 48 to 72 hours after LB. b. Warfarin administration should be discontinued 5 days before LB and may be restarted 24 hours after LB; administration of heparin and related products should be interrupted 12 to 24 hours before LB (63) .
c. In patients with valvular heart disease (according to cardiologic guidelines), documented bacteraemia, or chronic cholangiopathy after liver transplantation, periprocedural intravenous antibiotic prophylaxis should be administered (127) . d. If a history of hypoglycaemia exists, an intravenous infusion of glucose should be started to maintain blood glucose levels during fasting before LB.
LB: THE PROCEDURE
1. Patients should fast for 4 hours before LB; this may vary depending on age, clinical condition, and local policy. Vital signs, including heart rate, respiratory rate, arterial blood pressure, and core body temperature, should be assessed 1 hour before LB (63, 74, 76) . 2. The patient should lie supine in a comfortable position with the right arm placed behind the head. After sedation/anaesthesia, long-acting local anaesthetic (ie, bupivacaine 0.5%) should be topically infiltrated of (63, 73, 74) into skin and soft tissue at the region of maximal dullness at percussion between the 7th and 9th intercostal space or in a more appropriate site if bedside ultrasonography is performed (127). 3. The region of the needle entry must be cleaned with an alcoholbased solution and draped with sterile cloths (63). 4. The needle must be introduced in the right mid-axillary line above the rib; if ultrasonography is not available and the operator uses an intercostal approach, the needle should be introduced 1 intercostal space below the superior margin of liver dullness. If the operator uses a subcostal approach, the needle should be introduced in the midclavicular line below the costal margin (63, 74, 76, 127) (Fig. 1 ). 5. LB with ultrasonographic guidance reduces complication rates, as it permits directing biopsy away from gallbladder, vascular structures, colon, and lung (63, 76) . Real-time ultrasonographic guidance helps in finding the most suitable site to perform LB and allows reducing the number of passes into the liver. In children, ultrasonography provides guidance better than computerised tomography because ionising radiation exposure is avoided, with real-time imaging, greater versatility and portability, and lower costs (131) . Furthermore, liver parenchyma could be identified without extreme ventilatory movements (63) . It should be emphasised that after liver transplantation, using only anatomical landmarks to guide the site of biopsy is insufficient; image-guided LB (eg, ultrasound) is recommended. 6. The LB specimen should be handled according to agreed local protocol modified to accommodate diagnostic considerations in the individual patient (see above).
After LB
1. Immediately after LB the needle entry site should be firmly compressed to procure haemostasis. The patient should fast for approximately 2 hours after LB and vital signs (blood pressure, heart rate, respiratory rate) should be monitored closely for at least 6 hours after LB (127) . Oxygen saturation monitoring also is advised (74, 76) . 2. The patient should remain in bed for a minimum of 1 hour after LB or until vital signs are stable. 3. If bleeding is suspected, a full blood count may be requested.
The interpretation of this needs to take into consideration that a detectable decrease in the haemoglobin value needs some time to develop. Abdominal ultrasonography at bedside may also be required for the assessment of bleeding complications. Laparotomy or image-guided embolisation may be required for life-threatening bleeding (127) . If pneumothorax is suspected, posteroanterior and lateral chest roentgenograms may be useful. 4. Determinations of serum haemoglobin concentration and haematocrit should be considered only if clinically justified. 5. The patient should be observed for at least 6 hours for signs or symptoms that suggest complications, such as severe pain, shoulder pain (in older children), irritability (in infants), bleeding, discharge at LB site, difficulty in breathing, pallor, and fever (132). 6. LB is often performed in an outpatient setting, but many units prefer 1 overnight stay. 7. Contact sports should be avoided during the first week after LB.
TRAINING REQUIREMENTS
At present no well-established evidence-based guidelines exist for training and experience required to qualify a person to perform LB. Although the number of biopsies that must be performed to become proficient is unknown, the American Association for the Study of Liver Disease recommended that operators perform at least 40 biopsies under supervision (63) . In 1999 the North American Society for Pediatric Gastroenterology and Nutrition published Guidelines for Training in Pediatric Gastroenterology, which states that for competence in percutaneous LB the trainee should independently perform at least 20 biopsies, half in infants and children <3 years of age (133) . The American Gastroenterology Association, in ''Training the Gastroenterologist for the Future,'' recommends that trainees acquire competence by performing a minimum of 20 LB (134) .
The British and Irish Committee on Higher Medical Training has approved a curriculum for training in gastroenterology that states that ''all trainees should be thoroughly familiar with the indications, methods, and risks of percutaneous LB, including those performed under ultrasonographic control, and should have practical experience of a minimum of 50 procedures'' (135) .
No data show that the experience of the person performing LB has any effect on the complication rate (136) . In 1991, a British Society of Gastroenterology audit, however, found that the frequency of complications was slightly higher if the operator had performed fewer than 20 LB (3.2%, 1.1% if the operator had performed >100 LB). No difference in complication rates was seen between adult gastroenterologists and general physicians (101) . In 1 report, physician assistants observed 10 LB procedures, practiced on inanimate objects, and then performed 30 LB under supervision. Adequate tissue was obtained in 99.1% of attempts after a single pass and in 99.8% after 2 passes, with a mean tissue length of 3.2 cm (137). In another study, after observing 64 LB performed by a certified ultrasonography technician, a single hepatologist without previous ultrasonographic experience performed 101 LB independently with no statistical difference in terms of complications or of adequacy of the hepatic tissue obtained (138) . The suggestion of the panel is to perform a minimum of 20 LB with supervision.
ROLE OF LB IN THE FUTURE
In the modern era, the goals of optimal clinical management remain unchanged: the patient should undergo minimally invasive procedures with maximal diagnostic and management yields and optimal outcome. Conventional diagnostic methods recently have been modified at the expense of traditional tissue diagnosis in areas of liver disease in which noninvasive methods provide comparable information. In monitoring activity of disease and assessing results of treatment, the study of liver tissue will, however, continue to be irreplaceable in the foreseeable future. In addition, the need will persist to correlate clinical and biochemical phenotypes with morphological findings, via both imaging studies and histopathological approaches, using new techniques for existing conditions, but also applying old methods in novel, emerging conditions. Clinicians will need to achieve a balance between, on one hand, patient safety and convenience and, on the other, scientific and technological advances in the present dynamic environment (139) .
